Abstract. The structures, elastic anisotropy, toughness, and Debye temperature of the Al-Ni crystal are analyzed by using the density functional theory: PW91. The results show that AlNi is the most anisotropic of all phase, and the Al3Ni2 is the most isotropic of all phase. In addition to Al3Ni and Al3Ni2 are brittle materials, other intermetallics are tougher materials. Among which, AlNi has the best toughness, and Al3Ni2 has the best brittleness. The study of Debye temperature suggests that Al3Ni has the highest Debye temperature, AlNi has the lowest Debye temperature.
Introduction
Aluminum alloy is a kind of extensive nonferrous metal material, which is widely used in aerospace, automobile, machinery manufacturing industry. Aluminum-nickel (Al-Ni) alloy has high-strength, lower density and oxidation resistance and corrosion resistance in a variety of aluminum-based alloys [1] . However, it has ductility which limits its application [2] . W.Lin and Tresa M. Pollock et al. [3] have found that the Al-Ni alloys have poor ductility at room temperature. Chan et al. [4] have found that toughness and ductility of Al-Ni alloy can be improved by grain refinement and alloying. The anisotropy of crystal is an important parameter to measure the mechanical properties of the material, It can let us know the cause of the micro-cracks in the material.
The micro-structure and micro-cracks of the Al-Ni crystal should be widely attention. In this work, the structural, toughness, elastic anisotropy and Debye temperature will be investigated within the density functional theory (DFT) framework for Al-Ni crystal.
Computational Details
In this study, the Al-Ni phases are adopted from Ref. [5] The generalized gradient approximation (GGA) [6] with the Perdew-Wang (PW91) functional is adopted to describe the exchange and correlation interaction. The ultra-soft pseudo-potentials (USPP) methods are used to study the interactions between ions and valence electrons [7] . A plain wave cutoff energy is set to 490eV. Brillouin zone intergations are set to a Monkhorst-Pack k-point mesh [8] , the k-point mesh of each cell has been sampled by 2×2×3, 4×4×4, 10×10×10, 2×2×4, 4×4×4 grids for Al3Ni, Al3Ni2, AlNi, Al3Ni5, AlNi3, respectively.
The elastic anisotropy can be described by defining universal index(AU) [9] .
AU=(5GV/GR+BV/BR-6)×100
(1)
15/GR=4(S11+S22+S33)-4(S12+S23-S13)+3(S44+S55+S66)
where BV, GV, BR and GR are the Voigt bulk modulus, Voigt shear modulus, Reuss bulk modulus, and Reuss shear modulus respectively.
The Debye temperature (ΘD) can be obtained through this equation [10] .
where h and KB are constants of Planck and Boltzman respectively. n is the number of atoms in a compound. NA is the Avogadro's number. M is the molar mass of the compounds. Vm is the average sound velocity. V1 and VS are the longitudinal sound velocity and transverse sound velocity respectively.
Results and Discussion

Structures
According to the phase diagram [1] , five kinds of structures of Al-Ni intermetallics are adopted. Further, the crystal structures of the Al-Ni intermetallics are optimized. The crystal configurations of them are shown in Fig. 1 Elastic Anisotropy A zero value of AU indicates elastic isotropy, while the deviation of the 0 value indicates the anisotropic behavior of the material. BV, BR, GV, GR and AU values are given in Table 2 . Table 2 shows that all of the Al-Ni intermetallics are anisotropic. The AU value of AlNi is 940, the AU value of Al3Ni2 is 1.01, The more the AU value, the more the degree of elastic anisotropy. It can be understood as the AlNi phase is most likely to induce micro-cracks, While the Al3Ni2 phase is most hardest to induce micro-cracks. Secondly, the value of Al3Ni5 is greater than AlNi3, and the value of AlNi3 is greater than Al3Ni, which shows the order of degree of anisotropy is Al3Ni5>AlNi3>Al3Ni. In addition to Al3Ni and Al3Ni2 for brittle materials, the other intermetallics are tougher materials. The value of the AlNi phase is the largest in these phases, which shows that it has the best toughness. The value of Al3Ni2 is the smallest (B/G=1.25), less than Al3Ni (B/G=1.59) and AlNi3 (B/G=1.87) in the brittle material, which shows that the Al3Ni2 has the best brittleness, and the brittleness of Al3Ni is larger than that of AlNi3.
Debye Temperature
In a solid material, Debye temperature (ΘD) is closely related to the elastic moduli and quantum effects [15] . A higher Debye temperature values indicate a higher thermal ductivity and more powerful chemical bonds. Moreover, A large Debye temperature crystal will be a hard crystal. The operation results are shown in Table 3 . From the table we can illustrate Al3Ni has the highest Debye temperature, suggesting it has the highest thermal conductivity and the strongest chemical bond among these five intermetallics, it also shows that the hardness is the largest in the five kinds of intermetallics. AlNi has the lowest Debye temperature, the chemical bond is the weakest in five kinds of intermetallic compounds. The energy required to destroy its chemical bond is also lowest compared to the other four intermetallic compounds.The calculated AlNi3 of the Debye temperature is 531.88K, which is very close to the experimental result (550K). The effects of experimental conditions and environmental factors are ignored, which may be the cause of the deviation between the calculated results and the experimental results [16] . 
Conclusion
In summary, we have performed computations on the structures, elastic anisotropy, toughness and Debye temperature of the Al-Ni crystal using all-electron DFT-PW91 calculations. The results reveal that the the degree of anisotropy of AlNi phase is the highest, and the degree of anisotropy of Al3Ni2 is lowest, this shows that AlNi is the most easily induced micro-cracks, and Al3Ni2 is the most difficult to induce micro-cracks. The AlNi, Al3Ni5 and AlNi3 are ductile materials, the Al3Ni and Al3Ni2 are brittle materials, the toughness of AlNi is the best, the toughness of Al3Ni2 is the poorest. The Al3Ni has the highest Debye temperature, the AlNi exists the lowest Debye temperature, which shows that Al3Ni has the highest thermal conductivity and the strongest chemical bond, while the thermal conductivity of AlNi is the lowest, and the chemical bond is the weakest. Meanwhile, the calculation result of AlNi3 (531.88K) is roughly the same as the experimental value (550K), which indicates that the results of this study are accurate.
